Abstract: Graphene, a perfect lattice of hexagonally arranged carbon atoms, is currently among the most intensively researched material because of its mechanical, electronic, optical, and DNA-binding properties, and has found enormous applications in electronics, transistors, sensors, photovoltaics, optical and biological materials, among others. Many recent studies have established that graphene, in combination with other non-carbon nanoparticles, yields hybrid materials with improved properties. Graphene-boron nanohybrids are one such class of materials with alluring properties currently reported to be more advantageous than graphene as such. This review is intended to present a brief discussion about graphene, other carbon nanoallotropes, and a compilation of carbon nanoallotropes-boron nanoparticle hybrids much envisioned to expedite the boron-graphene hybrid research. We have attempted to present recent developments in these boron-based hybrid structures of carbon nanoallotropes, and augment the need for such advantageous materials.
Introduction
Graphene is a two-dimensional (2D) sheet of sp 2 hybrid carbon atoms, first isolated by Geim, Novoselov, and co-workers, as reported in a manuscript with the title " Electric field effect in atomically thin carbon films" in 2004 [1] . It is a single-atom-thick sheet of monolayer carbon atoms forming a honeycomb-like structure. The carbon-carbon distance in the single-layer lattice is around 1.4 A [2] . These forms of carbon are classified also as the allotropic forms of carbon and are known as carbon nanoallotropes. On folding, the 2D monolayer graphene forms 1D carbon nanotubes, on wrapping 0D fullerenes, and when stacked, it forms 3D graphene [3] . Graphene has received profound attention due to its unique mechanical, electrical [4] , and DNA-binding properties [5] . The properties of graphene allow multiple functions of signal emission, transmission, modulation, and detection, and it outclasses silicon and other semiconductors in terms of its high thermal conductivity [6] . Graphene demonstrates high carrier mobility and conductivity. These properties spawn the incorporation of graphene into solar cells, radiofrequency devices, composites [7, 8] , sensors [3, 9] , nanoelectronics [10] , hydrogen storage devices [11] , batteries [12] , and it has promising biomedical applications [13] . Recent studies report that graphene, in combination with other non-carbon nanoparticles, yields hybrid materials with better properties than graphene alone. The aim of this review is to consider boron-carbon nanoallotrope hybrids, beginning with a brief introduction to the various carbon nanoallotropes and with specific emphasis on boron-graphene hybrids.
Graphene synthesis
Despite intense research, the production of high-quality graphene on a large scale remains difficult. The top-down approach to exfoliate from bulk [14] , bottom-up synthesis from organic precursors [15] , and growth on a substrate [16] are among the various approaches to synthesize highquality graphene. Conversion of carbon dioxide to a fewlayer graphene in high yields was successfully reported by Hosmane's group in 2011 [17] . Most methods of mass production include exfoliation of graphite, epitaxial growth on silicon carbide, and chemical vapor deposition (CVD). The mode of synthesis is basically either the top-down approach from bulk or the bottom-up synthesis from the atomic or the molecular level.
Graphene from top-down approaches
Mechanical exfoliation by e-beam lithography has created interest in graphene as a material for the future semiconductor devices [18] . The 2D crystal lattice of graphene yields extraordinary electronic properties, paving way for high-speed electronic devices. The ambipolar nature of graphene allows the design of novel electronic device structures. The surface-to-volume ratio is very large in 2D graphenes, which enable them to operate as chemosensors. The first graphene-based sensors were developed in 2007, and they were reported to have useful sensitivity to NO 2 and NH 3 [3] . Though the top-down process has many advantages, preparing graphene with fine edges remains difficult [19] . In addition to the trouble with the edges, managing the width limitations also requires further exploration. The inability to synthesize a large number of graphene entities further reduces the utility of the top-down approach.
Graphene formation from bottom-up approaches
A solution-based process for the production of graphene monolayers was reported in 2006 by the Ruoff group [7] . Graphite was oxidized to graphite oxide, and dispersion in water facilitated the separation into individual sheets [20, 21] . On addition of hydrazine hydrate, the oxides were reduced to monolayer graphene. In 2011, the Hosmane group in northern Illinois, exploring a number of environmentally friendly ways for capturing carbon dioxide, identified formation of few-layer graphene on interaction of CO 2 with magnesium using a CVD technique [17] . Layer-by-layer assembly using electrostatic attraction to form close-packed layers of graphene was reported by Dai's group at Stanford [22] . Using Langmuir-Blodgett assembly [23] , graphene from graphene oxide was synthesized by Huang's group at Northwestern. Wang and co-workers have reported for the first time the synthesis of transparent graphene electrodes by thermal annealing methods, and their use in solar cells have shown appreciable power conversion efficiency [24] . The reduction of silicon carbide is another method that has been reported for the synthesis of graphene [25] . In general, the bottom-up approach seems to be advantageous basically to the extent that large volumes of graphene can be synthesized as compared to the top-down approach. Fabrication at the atomic level is much greater and easier in the bottom-up approach as it is built up from atoms or molecules. Particularly, when carbon atoms are assembled from organic molecules, an appreciable level of accuracy can be obtained in the graphene lattice structure. The major disadvantage in the bottom-up process is in the ability to get a few thousand carbon wafers onto the location of interest in a chip.
Forms of graphene
The carbon nanoallotropes are basically identified as two groups, either as sp 3 or sp 2 hybridized carbon based on the lattice structure. Monolayer and few-layer graphene, carbon nanotubes, nanohorns, nanospheres, and carbon quantum dots exhibit sp 2 hybridization with a densely packed hexagonal crystal lattice. The sp 3 hybrids present in these structures are found either as defects or along the edges [26] . Currently, nanodiamonds are the only identified sp 3 carbon nanostructures except for "few carbon quantum dots" discussed in the later part of this review. The sp 3 forms of carbon nanoallotropes are not obtained from graphene and hence do not fall into the category of graphene-based nanomaterials. The ideal method of classification of carbon nanomaterials is eventually based on the dimensions of the particles. Preferably, they are classified as 0D, 1D, and 2D carbon nanomaterials.
Zero-dimensional graphene and other carbon nanoallotropes

Fullerenes
Among the nanostructures of carbon, the first to be identified were the fullerenes, a C 60 molecule reported in the year 1985 [27] . C 60 consists of 60 carbon atoms with sp 2 hybridized carbon atoms forming 20 hexagonal and 12 pentagonal structures to evolve a truncated icosahedral spherical structure. Fullerenes are closed hollow-cage nanostructures composed of sp 2 hybridized carbon atoms. Fullerenes of C 20 , C 70 , and higher numbers like C 72 , C 76 , C 82 , and C 84 have been reported. The fullerenes fall under the category of smallest stable nanomaterials. The C 60 are stable up to around 1000°C and are soluble in organic solvents like toluene and carbon disulfide. Ugarte in 1991 reported onion-like structures consisting of concentric shells of fullerenes [28] . Such a group of fullerenes are referred to as "onion-like carbons."
Carbon/graphene quantum dots
The class of carbon quantum dots contain both sp 3 and sp 2 hybrid carbon atoms. The carbon quantum dots are amorphous in nature and are < 10 nm in diameter [29] . The carbon dots obtained by splicing graphene are known as graphene quantum dots and are composed of sp 2 hybrid carbon atoms. These dots range up to 20 nm in diameter [30] . The graphene quantum dots exhibit photoluminescence [31] . Applications of these materials have been identified in bioimaging [32] and photovoltaic devices [33] .
Nanodiamonds
The carbon dots that consist of primarily the sp 3 hybridized carbon atoms are known as nanodiamonds [34] . They range to a diameter up to 20 nm and are normally synthesized by a top-down approach [35] . Diamond nanoparticles are reported as capable of crossing the cell membrane, and their possible use as scaffolds for gene delivery and cancer therapy is being explored [36, 37] .
One-dimensional graphene
These are structures of graphene with at least two dimensions in nanoscale, and they extend only along a single dimension. The carbon nanofibers, nanohorns, and the most explored carbon nanotubes belong to this class of graphene.
Carbon nanofibers
The carbon nanofibers were identified long before the exploration of carbon nanotubes. The fibers are differentiated from the carbon nanotubes based on the fact that the fibers do not contain the hollow space found in the carbon nanotubes. They are linear filaments or fibers of single dimension with sp 2 hybrid carbon atoms [38] . Carbon nanofibers are commonly found in a range of diameters from 50 to 200 nm, and they are classified based on the internal structural arrangement of graphene in the fibers [39, 40] . The nanofibers have been identified as platelet carbon nanofibers, herring bone or fish bone nanofibers, ribbon/tubular nanofibers, or cone stacked and cone helix nanofibers [41] . Titanium oxide nanofibers are reported for their substantial boost in fast-charge transport and collection abilities when compared to the bulk and sensing emerging applications in photovoltaics, photocatalysis, energy storage systems, electrochromic devices, and sensor devices [42] .
Carbon nanotubes
The carbon nanotubes are concentric hollow cylinders of graphene. The hollow tubes are either open ended or close capped at the ends. The carbon nanotubes were first reported by Iijima in 1991 [43] . The carbon nanotubes consisting of a layer of graphene are termed singlewalled carbon nanotubes and those with many layers of graphene are called multiwalled carbon nanotubes. The single-walled carbon nanotubes usually have a diameter of around 2 nm [44] . Based on the type of fold of the graphene sheets, the carbon nanotubes are classified as armchair, chiral, and zigzag nanotubes. Carbon nanotubes have many potential applications in the field of bio medicine. Their promising biomedical applications include tissue scaffolds, intracellular transporters for therapeutic and diagnostic agents for biological imaging, and cancer therapy [45] . Carbon nanotubes also find massive applications as, for example, polymeric fibers, glass fibers, lithium batteries, supercapacitors, transistors, and inverter devices [46] [47] [48] [49] .
Carbon nanohorns
Nanohorns are tubule-like structures basically made of a single layer of graphene. The nanohorns range from around 1 to 5 nm, and they are usually found as aggregates resembling flowers, buds, and seeds [50] . Iijima and coworkers identified and reported the first nanohorn structures in 1999 [51] .
Two-dimensional graphene
Graphene monolayers
Graphene is the hexagonal honeycomb-like structure of carbon atoms exhibiting sp 2 hybridization. Each carbon atom is linked to three neighboring carbon atoms with a sigma bond and a pi cloud, resembling an aromatic structure. Due to its robust honeycomb lattice, it yields a stable structure and graphene is the strongest known material after diamond [14] . The method by which graphene is synthesized affects its purity and quality. The presence of oxides in graphene and the defects at the edges are causes of concern in synthesizing superior-quality graphene. Graphenes obtained from graphene oxide are generally with more defects when compared to the superior-quality graphene obtained by liquid exfoliation methods [52] . The applications of graphene are vast and varied. Monolayer graphenes are emerging as a viable tool for the fast electrical manipulation of light. Their prospects include applications for electro-optical modulation, optical sensing, quantum plasmonics, light harvesting, spectral photometry, and tunable lighting [53] . Graphene-based materials show promising applications in the field of electronics, supercapacitors, and biology.
Few-layer graphene
Graphene from 2 to 10 layers of nanosheets are classified as multilayer or few-layer graphene [54] . Few-layer graphene has been reported to act as a support film for transmission electron microscopy imaging [55] . Few-layer graphenes, due to their synergistic effects, exhibit improved physiochemical properties and they find applications in electric devices, energy storage, and biological uses [56] .
Graphene nanoribbons
The unzipping of carbon nanotubes results in thin ribbons of monolayer graphene, which are known as nanoribbons [57] . The nanoribbons may be a bilayer or few layered. When the number of layers exceed 10, they are known as graphitic ribbons. Oxidized single-walled carbon nanohorn entraps and protects the structure of cisplatin, an anticancer agent, and it was found to slowly release the drug in aqueous environments. The released cisplatin was effective against human lung cancer cells. Thus, the nanohorns act as potential drug delivery systems [58] .
Boron with carbon nanoallotropes
Boron with carbon nanotubes
Manipulation of carbon nanotubes using boron results in modified structures suitable for electronic and biomedical applications. Hosmane and his coworkers have reported the successful attachment of C 2 B 10 carborane cages to the sidewalls of single-walled carbon nanotubes, and they have studied their water solubility. This group has shown that the carbon nanotubes are attractive carriers for the delivery of boron atoms into tumor cells for an effective boron neutron capture therapy, a mode of cancer therapy [59] .
Boron-doped (B-doped) carbon nanotubes are reported to catalyze both oxygen reduction reaction in alkaline media and also oxygen evolution reactions [60] . Carbon nanotubes-hexagonal boron nitride (h-BN) hybrids exhibit properties that make them potential candidates for "single electron transistor" and "field effect transistors" in the electronic industry [61] [62] [63] .
Boron with graphene
Boron-graphene/graphene oxide hybrids
Doping of boron and co-doping boron-nitrogen with graphene oxide has resulted in developing green, fast, and cost-effective microwave-assisted route for the synthesis of material with potential use in aircraft, defense industries, communication systems, and stealth technology [64] . Thermal annealing of graphene nanosheets in the presence of B 2 O 3 resulted in doping of boron into the defects in the graphene framework and the isolated boron atoms on graphene acts as electrocatalytic sites. Cyclic voltammetric studies have revealed the outstanding electrocatalytic ability of the hybrid, and they have been proven to allow the determination of the concentration of H 2 O 2 more precisely. Hence, a metal-free electrochemical detection of H 2 O 2 has been reported, which paves the way for the development of novel biosensors [65] .
B-doped graphene prepared as a high-performance electrocatalyst for constructing an electrochemical sensing platform was applied to the determination of hydroquinone and catechol. Boron-graphene hybrids are expected to evolve as an advanced electrode material in wastewater and environmental monitoring systems [66] . An increase in the capacitance by ~80% is reported for boron-doped graphene relative to that for pristine graphene. Also, borocarbonitrides are being examined for supercapacitor applications.
Likewise, boron and nitrogen co-doped hollow graphene microspheres have been reported as electrocatalysts for some oxygen reduction reactions. The hollow structure that consists of boron and nitrogen codoped graphene with their higher stability and electrocatalytic activity could potentially replace the commonly used noble-metal-based catalysts [67] . B-doped graphene along with platinum is used as an oxygen reduction reaction electrocatalyst, in hydrogen fuel cell. Owing to the superior oxygen reduction rate, it has been considered as a substitute for contemporary electrocatalysts [68] .
In attempts to enhance the electrochemical properties, such as durability and cell performance in proton exchange membrane fuel cells, successful synthesis of Pt-boron-doped graphene by a pyrolytic process has been reported. The results reveal that boron doping into graphene significantly enhances the cell durability and performance [69] .
Boron nitride-graphene hybrids
h-BN is a honeycomb-like structure of alternate boron and nitrogen atoms, and is widely referred to as "white graphene." Hybrids of h-BN and graphene lattice are reported to provide controllable band gaps, with interesting thermoelectric, electronic, magnetic, and optical properties. These hybrid structures hold high technological potential [70] [71] [72] .
In an attempt to remove heavy metals from water, a functionalized pore of graphene nanosheets and boron nitride (BN) nanosheets was used. On applying an external voltage, the pores of graphene and h-BN nanosheets were shown to remove zinc ions [73] .
Recently, a synergistic effect of BN with graphene nanosheets on the enhancement of thermal conductivity and mechanical strength of polystyrene and polyamides has been reported [74] . Few layered sheets of BN and graphene were obtained, and their experimental results indicate an increased thermal conductivity of polystyrene by about 38% and a substantial improvement in mechanical strength.
Likewise, a graphene-analogue BN nanosheet wrapped with AgI nanocomposites synthesized through an ultrasonic chemical-assisted method exhibits significantly higher photocatalytic activity and anti-photocorrosion, under simulated sunlight irradiation. This promising catalytic activity finds application in environmental remediation [75] .
It has been established that local magnetic moments and band gaps can be altered over a wide range using nanomeshes of h-BN and graphene semiconductor heterostructure, which could help in the development of novel nanosensors, spin filters, and spintronics applications. Nanomeshes of h-BN and graphene resulted in apparent corrugation over a wide range of bias voltages. This portent has important implications, and is being explored for novel electronic and material applications [76] .
In an attempt to modify lithium batteries, a combination of graphene and BN structures were identified as improved anode material. The combination of superior mechanical and chemical properties of BN with graphene allows rapid diffusion of electrolytes and better utilization of the active materials. Thus, the report concludes that assembling graphene and BN into a 2D composite film improves the electrochemical performances of anode material for lithium batteries [77] .
The deposition of a high-k dielectric material on graphene using h-BN nanosheets as a buffer layer has been reported for the growth of high-quality Al 2 O 3 by the atomic layer deposition method. Triboelectric nanogenerators based on Al 2 O 3 /h-BN/graphene structures have been demonstrated to reveal electric power generation under mechanical friction, indicating high charge storage capacity of the dielectric Al 2 O 3 layer on h-BN. A boron and graphene hybrid is scored as efficient for nanoenergy generation [78] . Thus, the h-BN-graphene hybrids seem to be very promising for novel electronic, magnetic, and optical materials.
Boron and other carbon nanohybrids
B-doped CVD diamond films are reported to exhibit the widest known electric potential window [79] . These materials qualify as ideal material for use as electrochemical electrodes [80] . Research interest in fundamental investigations on the superconducting properties of borondoped nanodiamonds and their possible use in X-ray beam monitoring are also being explored [81, 82] . Doping of boron in graphene nanoribbon electrodes results in the rectifying behavior of the molecular junction, and this property is taken into account in the design of molecular rectifiers [83] . Reports on boron hybrids with other carbon nanoallotropes are sparse, and additional reports in this area are predicted for the near future.
Conclusion and future perspectives
The future of materials science appears to be in need of the development of boron-carbon nanoallotrope hybrids as materials with better electronic, thermoelectric, conductive, optical, and biocompatible properties than pristine carbon nanoallotropes. Though the progresses in the development of these hybrid structures are marginal, the results from studies of h-BN-graphene hybrids appear promising. Challenges remain in the synthesis of the hybrids of graphene and of the so-called white graphene. Once the synthetic methods for such hybrids are well established, their commercialization can develop, and the search for better materials would reach another milestone.
